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METHOD FOR INJECTION OF EXTERNALLY PRODUCED IONS INTO A QUADRUPOLE ION 
TRAP 



iTiA lrf nf th e Invention 

This invention is related to the area of mass spectrometry and in particular to 
quadrupole ion trap mass spectrometry wherein an external beam of ions is injected into a 
radio-frequency ion trap. 

5 

Background "f the Invention 

Several modem ionization techniques have been developed recently to the stage of 
practical importance for biochemistry, medical science and analytical chemistry including 
electrospray, fast atom bombardment, and chemical ionization. These ionization techniques 
10 usually provide a continuous ion beam from a liquid or solid phase sample. One of the 

common technical problems associated with these ionization techniques is the applicability of 
these techniques to ion trap mass spectrometers. Due to the nature of the sample and the 
ionization method, it is usually convenient and often necessary that the ion source actually be 
located external to the ion trap. 
15 When externally formed ions are injected into a quadrupole ion trap there is the 

possibility that ions may be lost in the process. Furthermore, the fraction of ions successfully 
injected may vary with the ion mass. Prior art methods for ion injection do not provide ion 
injection efficiency and this fact complicates quantitative studies and provides less than 
optimum sensitivity over most of the mass range of the ion trap mass spectrometer. 
20 Uniform injection and trapping efficiency for different ion masses is crucial for 

analytical applications. Another important requirement is cumulative trapping characterized 
by the ability to accumulate ions into the trap during a prolonged accumulation time interval 
while maintaining substantially linear functional dependence between the number of ions of 
each mass in the trap and the total ionization time. It is important for the distribution of ion 
25 masses in the trap to be the same as the distribution of ion masses from the sample produced 
by the ion source. 

The prior art methods of ion injection can be separated into two major groups 
according to the type of the external ion source for which it is used. 

One group of methods is effective only for pulsed ion sources when a bunch or a short 

SUBSTITUTE SHEET (RULE 26) 
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burst of externally produced ions is trapped. These methods utilize so called active non- 
ad iabatic trapping where the main RF trapping field is turned on during the time when the ion 
bunch is entering into the trap. For example, U.S. Patent No. 5, 399,857 describes a method 
of trapping a burst of ions generated in an external ion source by gradually increasing the 
main RF trapping field during the time interval between the moment the ions enter the trap 
and the moment when they arrive in a region close to the center of the trap. To trap a burst 
of ions by this method it is necessary to produce a very sharp raise in the RF amplitude, 
typically from zero to several kilovolts, with a rise time of about 20 microseconds. 

The term "adiabatic" has a well established meaning in the physics of mechanical 
systems (Landau and Lifshitz, Mechanics, Third Edition, Pergamon Press 1976, page 154). 
In the present case, adiabatic means that the storage RF amplitude is changed so slowly that it 
is effectively constant throughout a period of the slowest oscillating motion of the ions inside 
the ion trap. The trapping of a pulse of ions described in the previous paragraph is non- 
adiabatic because the increase in RF amplitude occurs within less than one period of the ions 
secular oscillation within the trap. 

The second group of methods is designed for trapping of externally produced ions 
from continuous ion sources. Ions are accumulated for much longer than the short time 
required for an untrapped ion to enter the ion trap and pass through to the other side. 

These cumulative trapping methods from continuous ion sources are passive in contrast 
to active, pulsed ion introduction methods. Cumulative trapping techniques are based on the 
scattering of ions from the external beam by a buffer gas inside the trap, while the pulse ion 
introduction techniques are based on a rapid, non-adiabatic increase in the RF trapping field. 
For example, there is a method of pressurizing a quadrupole ion trap with a pressure up to 10 
2 Torr of a buffer gas to achieve cumulative trapping while operating at a constant level of the 
RF trapping field which is optimized for a specific mass range (A. Mordehai, J. Henion, 
RCMS, v. 7, p. 205-209, 1993). Another cumulative technique is used in the LCQ ion trap 
instrument manufactured by Finnigan, where ions are introduced into the ion trap in steps 
with different levels of the RF amplitude at each step. Fig. 1 shows the typical RF amplitude 
function according to this method with three different RF amplitudes. Although in this 
method a wider range of mass-to-charge ratio can be injected, the injection efficiency for any 
given mass-to-charge ratio is subject to a large degree of variation. The stair-step adjustment 
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of the RF amplitude cannot provide uniform and flat ion injection efficiency over the 
predetermined mass range. The injection efficiency for some ions also can be strongly 
affected in this method because at each RF amplitude level some ions with specific mass-to- 
charge ratios can fall into regions of reduced trapping efficiency in the ion trap stability 
5 diagram, also know as black canyons. 

Summary of the Invention 

It is an object of the present invention to provide a method of cumulative ion injection 
for a predetermined mass range for a beam of externally produced ions. 
10 It is yet another object of the invention to provide a method of external ion injection 

into a RF ion trap with uniform trapping efficiency over a predetermined mass range. 

Another object of the present invention is to provide uniform trapping efficiency for 
externally produced ions over a narrow mass range to provide correct isotopic ratios in 
analyzed samples. 

.15 In accordance with the present invention there is provided an improved method of ion 

collection over a wide mass-to-charge range from continuous ion sources into quadrupole ion 
traps, wherein a continuous ion beam from an external ion source is directed to a radio 
frequency ion trap filled with a buffer gas through a gating device for a predetermined period 
of accumulation time which allows the ion beam to enter the ion trap. A radio frequency 

20 voltage is applied to the ion trap to create a main radio frequency field therein for trapping 
ions over a range of masses. The amplitude of the radio frequency voltage is changed 
adiabatically for achieving a uniform trapping efficiency for ions over a predetermined mass 
range. The change of amplitude of the radio frequency voltage is provided according to the 
equation 

25 
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wherein the RF voltage V(t) is varied from an RF initial voltage V t to an RF final voltage V ( 
during an accumulation time t a for trapping the ions with the mass range from an initial mass 
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m, to a final mass m f . 

In accordance with one aspect of the present invention, the accumulation time is a 
segment wherein a non-linear relationship between the RF amplitude and the accumulation 
time is approximated by a linear RF ramp. In accordance with another aspect of the present 
invention the total accumulation time comprises a plurality of segments wherein each segment 
is a linear RF ramp. 

In the prior art injection efficiency is not uniform across a wide range of masses. The 
injection efficiency for cumulative trapping over the substantially prolonged accumulation time 
is low and it is dependent substantially upon the mass-to-charge ratios of the analyzed ions. 

The foregoing and other object features and advantages of the present invention will 
become apparent from the following detailed description of the preferred embodiments, taken 
together with the accompanying drawings. 

Brief Description of the Bearings 

Fig. 1 shows RF amplitude as a function of an accumulation time according to one 
prior art method of external ion injection. 

Figs. 2a, 2b and 2c illustrate external ion injection for ions having kinetic energy K for 
masses m,, m 2 and m 3 respectively. 

Fig. 3 is a plot of RF amplitude as a function of the accumulation time for both the 
main ion trap RF amplitude and for the ion guide RF amplitude. 

Fig. 4 is a schematic diagram of an ion trap mass spectrometer for performing a 
method of injection of externally produced ions according to the preferred embodiment of the 
present invention. 

Figs. 5a and 5b are full-scan mass spectra of polypropylene glycol compounds. 
Fig. 6a shows a three segment linearized RF ramp. 
Fig. 6b shows a two-linear segment RF ramp with a jump therebetween. 
Fig. 6c shows a multiple segment bidirectional RF ramp. 

Detailed Description nf »h f Prefrrrpri F «nhortim*nt 

The present invention provides a method of introducing ions from an external ion 
source into an ion trap. The method is distinguished by providing a uniform, high injection 
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efficiency over a wide range of ion masses. Ions are introduced into the ion trap by gating the 
external beam for a certain period of time, accumulation time t a . During the accumulation 
time, the trapping RF field is adiabatically changed through one or more periods of a 
calculated, optimum program to provide uniform injection efficiency over the entire mass 
5 range of interest. 

When ions are injected into the ion trap filled with a buffer gas from an external 
source, they must pass through a transitional region at the ion trap entrance where they 
experience a substantial gradient of the main trapping field. This is the fringing field of the 
storage RF. Passing ions through this fringing field is equivalent to passing ions over a 

10 pseudopotential barrier, in exact analogy to the pseudopotential experienced by ions with the 
ion trap. The optimum injection efficiency characterized by best probability of trapping for an 
ion occurs when the ion has just enough energy to overcome the pseudopotential barrier to 
entering the trap. Ions with enough energy to enter the trap are moving slowly near the ion 
trap entrance aperture and have more time to experience collisions with buffer gas or 

15 background gas and thereby lose energy. Ions which lose energy within the trap are unable to 
return to the ion trap entrance aperture or to reach the ion trap electrodes, and so become 
trapped. 

To evaluate the magnitude of the pseudopotential barrier, we use the Dehmelt approach 
(Quadrupole Storage Mass Spectrometry", ed. P.H. Dawson, p. 210-213, Elsevier, 
20 Amsterdam, 1976). The ion motion is averaged over a period, 2n/w, of oscillation of the 

main trapping field. The effect of the fringing field can be reduced to an effective barrier D fr 
give by 

fi = 2 0) 

25 

where 5 is a geometry factor, Vand w are the amplitude and angular frequency of the main * 
RF field, and m is the mass-to-charge ratio of the ion. Equation (1) is valid regardless of the 
details of the shape of the fringing field through which the ions must pass to enter the ion trap 
(see L.D. Landau and E.M. Lifshitz, Mechanics, 3rd Edn., Pergamon Press, 1976, pp. 93- 
• 30 95). The magnitude of the constant 5 is determined by the field geometry, including, for 
example, the amount of hexapole and octopole and higher order components, of the field. 
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The important consequence of equation (1) is that ions of different mass-to-charge ratios and 
the same initial kinetic energy K experience different barriers at the ion trap entrance. 

The use of the term ion mass will be understood to mean the ratio of ion mass to ion 
charge. Very often, there is only a single charge on an ion, and the numerical values of the 
two quantities will then be the same. Once inside the ion trap, the ions experience a trapping 
effect which is usually described in terms of a pseudopotential well. For ions in a purely 
quadrupole field, the well depth in the z direction is given by the well known expression: 

eV 2 
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where D h is the well depth and Zc, is the characteristic dimension of the ion trap in the axial 
direction. The variation of the trapping well depth with the RF storage amplitude V and 
angular frequency w and the ion mass m is the same as for the barrier to entry into the trap 
from outside. 

15 For a team of ions having a variety of masses formed in an external ionization ion 

source which is positioned essentially outside the main quadrupole trapping field of the ion 
trap, the ions experience different effective barriers to entry into the ion trap depending on 
their masses, as shown in Fig. 2 (a-c). For these externally produced ions to enter the ion 
trap, they have to overcome a fringe field barrier formed at the ion entering aperture due to 

20 the presence of the main quadrupole field in the trap. The absolute value of this depends on 
the ion mass m, as shown by equation (1). Mass dependence of the fringe field barrier causes 
problems for injection of a wide mass range of ions of the same kinetic energy K. If for ions 
of mass m 2 the kinetic energy is close to the fringing field barrier, then the conditions for 
trapping ions of mass m 2 are the most favorable, as shown in Figure 2b. For a mass m, < m 2 

25 the fringe field barrier is larger compared to m 2 , thus preventing ions of mass m, from 

entering the trap, as shown in Figure 2a. For ions with mass m 3 > m 2 the fringe field barrier 
is smaller compared to m 2 , and ions have an excess of kinetic energy K-D fr (m 3 ) in the trap as 
shown in Figure 2c, this increasing the chances that the ions will fly through the trap and 
strike the opposite trap electrode or exit aperture which is located opposite an entrance 

30 aperture. Consequently, only ions with the specific mass nt 2 will be efficiently injected into 
the trap with a fixed kinetic energy. In practice ions produced by an external ion source have 
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15 



a distribution of kinetic energies, resulting in injection of a range of ion masses at any 
constant RF level. 

To extend the range of injected ions into the trap, the RF level has to be changed 
during the ion accumulation time, r a . The theoretical optimum scan function can be obtained 
using the following assumptions: (I) the ion energy spread is relatively small, (ii) the fringe 
field barrier can be described by equation (1) and (iii) the number of injected ions of each 
mass should be proportional to the ion density with identical masses of the external ion beam. 
The last assumption can be restated as a requirement that an equal amount of time be spend 
with the optimum injection conditions for each mass in the range of ion masses to be injected. 
The total accumulation time t z then can be considered as being separated into infinitesimal 
time intervals dt during which only the specific mass m(t) is optimally injected into the trap. 
We consider a single linear function progressing from the starting lower mass m t to the final 
higher mass m f . The mass m{t) being preferentially injected at a time t during the ion 
accumulation time / a is given by the expression: 
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20 



By combining equations (2) and (3) one can obtain the RF level in the trap as a function of 
time V(r) for a linear mass ramp 
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(4) 



The RF level V, is optimum for injection of m,and is determined experimentally. In fact, it is 
possible to determine the optimum RF amplitude V 0 for any available mass m 0 and then use the 
value considering that 



V<x>fm 



(5) 
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according to equation (2) to calculate the optimum voltage V for any ion mass m from 
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(6) 

According to the present invention, uniform efficiency of ion injection into the ion trap is 
achieved over a wide mass range when the ion storage RF level is varied according to 
equation (4) during the ion accumulation time t„. 

The non-linear RF ramp described by equation (4) can be difficult to implement in 
practice so equation (4) can be linearized to obtain a linear RF ramp: 

V, - V. 

v(0 = v. * -J- >- t 

(7) 

or the accumulation time may be subdivided into two or more segments during each of which 
the RF storage level is varied in a linear manner according to equation (7). Obviously a 
sufficiently large number of linear segments will produce a result which is equivalent to the 
functional form of equation (4). 

Figure 3 shows plots for the RF ramp which is calculated according to equation (4), 
graph 1, and a linearized ram. graph 2, calculated according to equation (7) for the injection 
of ions in the mass-to-charge range from 200 to 2000 during the accumulation time of 0.5 
20 seconds. In Fig. 3, graph 3 illustrates the proportional relationship between ion guide RF 

amplitude and main ion trap RF amplitude for a non-linear RF ramp 1 . Graph 4 of Fig. 3 is a 
linearized ramp for RF amplitude. In this case the radio frequency voltage on the ion guide is 
ramped to provide equivalent conditions for different mass-to-charge ratios also during ion 
transport though the RF ion guide. The typical frequencies of the ion guide RF field, w ig and 
main RF ion trap frequency w are about 1 MHz and both can be derived from a single 
oscillator, so the RF field in the trap is synchronized with the RF field in the ion guide. The 
DC voltage offset U ig can be set in the low voltage range from 0.5 to 50V. During the ion 
injection the ion trap is pressurized with a buffer gas to a pressure range of about 10 1 to 10 s 
Torr. The presence of the buffer gas increases the ion injection efficiency. Collisions of ions 
with this buffer gas also result in a cooling of the ion population in the trap and a consequent 
focusing of the ions into the central region of the trap. After the process of ion injection is 
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finished, ions can be analyzed with a variety of standard ion trap mass analyzing techniques, 
(March and Hughes, Ion Trap Mass Spectrometry) or pulsed out into a different mass 
analyzing device. 

Figure 4 shows a schematic diagram of the ion trap mass spectrometer used for 
external ion introduction. In the preferred embodiment of the present invention, ions are 
formed in a continuous manner by external ion source 10. The ions are extracted from source 
10 and shaped into a beam by ion optics 50. The ion beam is directed into radio-frequency 
ion guide 20 which is positioned near an entrance end cap of ion trap 30. Ions are transferred 
by the radio-frequency ion guide into ion trap 30 through entrance aperture 40. The ion beam 
is gated by applying the appropriate pulsed voltages to ion optics 50 so that ions enter the ion 
trap only during the total predetermined ion accumulation time, t„. The radio-frequency ion 
guide operates with an AC voltage of frequency w ig , amplitude V ig and DC voltage U ig with 
respect to the ion trap. The radio-frequency ion guide is also pressurized to a pressure in the 
range of 10 1 to lfr 5 Torr with a buffer gas such as helium or air to damp ion motion and 
concentrate ions toward the center of the ion guide. Ions entering ion guide 20 from 
conventional ion sources typically have a broad range of kinetic energies. The ions coming 
out of the ion guide have a near thermal energy distribution due to the presence of a buffer 
gas in the ion guide. Ion guide voltages V ig and U ig , as well as the ion trap storage RF 
amplitude V„ can be optimized for the maximum or near maximum injection efficiency of a 
test ion with a given mass m f . Equation (4) defines the optimum injection ramp of all ions in 
the specified mass range fm„ mj. In practice, a linearized ramp based on equation (7) can be 
used. This linearized ramp can be defined with only one experimentally obtained optimum 
voltage V, while calculating the final ramp voltage, V f according to equation (6). Alternatively, 
the final voltage, V f , for the RF ramp can be obtained experimentally by maximizing ion 
injection efficiency for the final mass-to-charge ratio, m f , of a specified mass-to-charge range, 
[m,, nifl. In accordance with the present invention, the calculated RF amplitude ramp is 
applied during the accumulation time t„ to achieve uniform injection efficiency across the 
specified mass-to-charge range. As an enhancement of the present invention, during the 
accumulation time, the radio frequency voltage on the ion guide V ig can also be changed as a 
function of RF ion trap amplitude during the accumulation time. 

A series of experiments were performed according to the method of the present 
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invention utilizing an ion-trap time-of-flight mass spectrometer manufactured by R.M. Jordan 
Co., Grass Valley, CA. Jons were injected into the ion trap from an atmospheric pressure ion 
source. The RF ion guide was a hexapole with characteristic radius of 2mm. Figure 5a 
shows a mass spectrum of a mixture of polypropylene glycol compounds (PPG-2000), 
obtained with constant RF level on the ion trap of about 2.6kV, 1MHz and 15 volt DC offset 
on the hexapole with 200V at 1 MHZ RF voltage on the hexapole (prior art). Figure 5b 
shows a spectrum obtained when the RF level on the trap was ramped during the accumulation 
time according to the present invention from H=2kV to l^=3.2kV. The spectrum in Figure 
5a contains only mass peaks in the mass range from 200 to 1300, with strong discrimination 
of the peak intensities at both sides of the spectrum. The spectrum in Figure 5b contains ion 
peaks from 200 to 2400 with much less discrimination. The comparison of Figure 5a and 
Figure 5b clearly demonstrates that a much wider ion mass range can be injected into the trap 
while operating to the present invention. 

Figs. 6a - 6c show different RF ramp arrangements during the accumulation time. The 
accumulation time for these cases is equal to 0.25 seconds. However, the accumulation time 
may be scaled depending on the intensity of the external ion beam and required detection 
limits. 

Fig. 6a shows a three-segment RF ramp obtained by linearizing equation (4) allowing 
for ion accumulation over a wide mass range. 

Fig. 6b shows a two-segment RF ramp obtained by linearizing equation (4) allowing 
for ion accumulation over two separate mass ranges. 

Fig. 6c shows a multiple segment RF ramp allowing for uniform trapping efficiency 
over a narrow mass range. 

While the invention has been described with reference to specific embodiments, the 
description is illustrative of the invention and is not to be construed as limiting the invention. 
Various modifications and applications may occur to those skilled in the art without departing 
from the true spirit and scope of the invention as defined by the appended claims. 
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U Claimed is: 

1 . A method of ion introduction and trapping comprising the steps of: 

(a) providing a radio frequency (RF) ion trap with a buffer gas; 

(b) producing a continuous ion beam from an external ion source; 

(c) directing said beam to said RF ion trap through a gating device for a predetermined 
period of accumulation time to allow said ion beam to enter said ion trap; 

(d) applying an RF voltage to said ion trap to create a main RF trap field therein for 
trapping ions over a range of masses; and 

(e) changing an amplitude of said RF voltage adiabatically for achieving a uniform 
trapping efficiency for ions of said ion beam over a predetermined mass range. 

2. The method of claim 1 , wherein in the step of changing an amplitude of the RF voltage 
V(t) is varied from an RF voltage V t to an RF voltage V f during an accumulation time t„ for 
trapping the ions with the mass range from mass m, to a mass m, according to the equation: 









1 ♦■ 
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3. The method of claim 2, wherein said RF amplitude is decreasing from the initial 
voltage V x to the final voltage V f during said accumulation time. 

4. The method of claim 2, wherein said RF amplitude is increasing form the initial 
voltage V, to the final voltage V f during said accumulation time 

5. The method of claim 4, wherein a non-linear relationship between said RF amplitude 
and said accumulation time is approximated by a linear RF ramp having substantially identical 
RF amplitude values for said initial and final amplitudes within said total accumulation time. 

6. A method of cumulative ion injection from a continuous ion beam into a radio- 
frequency (RF) ion trap which is filled with a buffer gas comprising the steps of: 

(a) directing and gating said ion beam to said RF ion trap for a predetermined period 
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of accumulation time; 

(b) applying an RF voltage to said ion trap to create a main RF trap field therein for 
trapping ions having masses within a mass range; 

(c) dividing said predetermined period of accumulation time into a plurality of 
5 segments; and 

(d) changing an amplitude of said RF voltage adiabatically within each said segment 
for achieving a uniform trapping efficiency for ions of said ion beam over a predetermined 
mass range. 

10 7. The method of claim 6, wherein said RF amplitude within each of said plurality of said 
segments is a linear ramp. 

8. The method of claim 7, wherein the relationship between values of said RF amplitude 
V(t) between an RF amplitude V, and an RF amplitude V f within each of said plurality of said 
15 segments is defined according to the equation: 



20 



25 



V(t) - V. 



1 



m 



1/2 



wherein m f is an initial mass for said segment, m f is the final mass for said segment, and t a is 
an accumulation segment time. 

9. The method of claim 7, wherein said step of changing an amplitude farther comprises 
a step of changing said RF amplitude within each said segment by increasing said RF 
amplitude from an initial relatively low value to a final relatively high value or decreasing said 
RF amplitude from initial relatively high value to a final relatively low value. 

10. The method of claim 9, wherein each adjacent pair of said segments comprises a linear 
ramp with increased RF amplitude and a linear ramp with decreased amplitude respectively, 
wherein each ramp with increasing amplitude is adjacent to each ramp with decreasing 
amplitude. 
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1 1 . The method of claim 6, further comprising a step of guiding ions from an ion source to 
said ion trap through an RF ion guide. 

12. The method of claim 1 1 , wherein in the step of guiding ions through an RF ion guide, 
5 a predetermined amplitude RF voltage and a predetermined amplitude DC voltage are applied 

to said RF ion guide to transmit said ion beam therethrough. 

13. The method of claim 12, wherein the amplitudes of said voltages applied to said RF 
ion guide are changed as a function of the amplitude of said main RF ion trap field during said 

10 accumulation time. 

14. The method of claim 13, wherein the amplitude of the RF voltage applied to said RF 
ion guide is changed during said accumulation time proportionally to the amplitude of said 
main RF ion trap field. 
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